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The Force Production by the Depolymerization Activity of MCAK
Yusuke Oguchi, Seiichi Uchimura, Sergey V. Mikhailenko, Takashi Ohki,
Shin’ichi Ishiwata.
During cell division the replicating chromosomes must be precisely arranged
and separated polewards. Though many cellular processes involving motility
require force generation by motor proteins, the chromosome movement is sug-
gested to use the energy stored at plus ends of the microtubules to which kinet-
ochores are attached. This energy is converted into the chromosome movement
via passive couplers, whereas the role of the microtubule-based motors is sup-
posed to be limited to the regulation of microtubule dynamics. The microtu-
bule-depolymerizing kinesins, such as mitotic centromere-associated kinesin
(MCAK), which is a founding member of kinesin-13 family, facilitate micro-
tubule dynamics in a spindle and are required for the chromosome congression
and segregation; however, the key question - whether the depolymerizing activ-
ity generates tension to pull the chromosomes - has remained unsolved. To
probe the link between the generation of tension and the microtubule-disassem-
bling activity of MCAK, we developed a single-molecule assay to examine the
interaction between a single microtubule and multiple MCAK molecules under
the fluorescence microscope equipped with the dual-trap optical tweezers. Here
we show that the microtubule-disassembling activity of MCAK generates sig-
nificant tension. The depolymerization force increases with the number of in-
teracting MCAK molecules. These results provide a simple and attractive
model for the generation of the driving force and the regulation of chromosome
segregation in a spindle by the activity of MCAK.
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Investigating the Interaction between Kinesin-13s and Microtubules by
Single Molecule Fluorescence Polarization Microscopy
Chandrima Chatterjee, Ana B. Asenjo, Vania M. De Paoli,
Hernando J. Sosa.
Kinesins are motor proteins that translocate along microtubules (MTs) and
assist in transportation of intracellular cargo by utilizing the energy generated
from ATP hydrolysis. Interestingly, Kinesin-13s do not walk but depolymerize
microtubules at their ends, an activity that is essential for regulating MT dy-
namics during cell-division. Prior research efforts have shown that Kinesin-
13s target MT ends very quickly by the process of one-dimensional diffusion
along the MT lattice. In an effort to elucidate the mechanism of such diffusive
interactions and MT depolymerization activity, we have investigated the
orientation and dynamics of BSR-labeled KLP10A (Drosophila m. Kinesin-
13) constructs interacting with MTs in the presence of ATP analogues using
fluorescence polarization microscopy (FPM). Unlike conventional kinesins,
which show high mobility in nucleotide conditions that induce weak MT bind-
ing (presence of ADP), KLP10A shows relatively high fluorescence anisotropy
in all nucleotide states investigated, including ADP. Such observations indicate
that the nucleotide present has minimal effects on the binding configuration of
the majority of KLP10A molecules bound to the MT lattice. However, FPM
data acquired at the single-molecule levels suggest that the Kinesin-13 motor
domain becomes very mobile (tumbling) when undergoing one-dimensional
diffusion. Ongoing experiments with KLP10A constructs of different lengths
and mutants will help in identifying the residues in the Kinesin-13 molecule
that mediate one-dimensional lattice diffusion.
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In Vivo Role of a Novel Kinesin-13 Microtubule Binding Site
Ana B. Asenjo, Uttama Rath, Dongyan Tan, David J. Sharp, Hernando Sosa.
Kinesin 13 family proteins regulate microtubule dynamics by using the energy
of ATP hydrolysis to induce microtubule (MT) depolymerization. They have
important roles in regulating MT dynamics during mitosis. Previous work in
our lab identified a novel site of interaction of kinesin13 with the MT that leads
to the formation of rings wrapping the MT in the presence of AMP-PNP. Sev-
eral positively charged residues at this site were shown to be required for the
formation of the rings but not for depolymerization activity. Here we investi-
gate the effect of replacing these residues on the in-vivo function of one of
the three Kinesin13s present in Drosophila m., KLP10A. We made DNA con-
struct to express GFP-labeled wild type KLP10A and a mutant in which three
crucial residues at the novel binding site were replaced by alanines. . We ex-
pressed these constructs in S2 cells in the presence or absence of endogenous
KLP10A. We found that cells over-expressing the mutant protein were two
times more likely to have mitosis abnormalities than cells over-expressing
the wild type protein. In addition, in cells where the endogenous protein had
been depleted by siRNA, ectopic expression of the mutant protein was less ef-
fective rescuing mitotic defects caused by the depletion than ectopic expression
of wild type KLP10A. These results indicate that kinesin-13-MT interactionsmediated by the novel binding site are important for normal cellular progres-
sion through mitosis.





1. Myofibril is an absolutely paradoxical design of the Nature. A human being
neither has created nor will construct such a structure (sequentially connected
engines) at all. Actually, each sarcomere is an individual self-contracting force
element. Since the force along the myofibril is apparently constant, each sarco-
mere produces force; However, acceleration of the left end of each subsequent
sarcomere is higher than that of previous one, because though it contracts by
itself (in a fixed, relative to it, coordinate system), its mass center moves as
it is pulled by all the previous sarcomeres. Hence, it follows that the accelera-
tion and the force along the myofibril could not be constant!? Yet, the myofibril
is a reality and our muscles are quite capable of working.
2. In the myofibril performance a decisive role is played by fluctuations of the
number of attached cross-bridges. As a result, one, the most powerful sarco-
mere turns out to be a driver.
3. The sarcomere proper is a thermodynamic system. It is the point of view that
must the base for its treatment.
We would like to emphasize that sarcomere is analogous to rubber and cite
Sr. R Feinman: «Rubber consists of long organic molecules connected with
each other by crosspieces (crossbridges). Thermal vibrations of these molecules
make them tend to roll up, which is just the reason for the appearance of con-
tracting elastic force of rubber.».
We consider accounting for the vibrations of the actin-myosin system, which
interacts with the sarcoplasmic solution, to be of principal importance.
Thus, part of energy of the actin-myosin system is oscillatory. One can show
that energy of the ensemble of oscillators interacting with thermostat (sarco-
plasmic solution) significantly increases owing to fluctuations.
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Quantification of Cross-Bridge Cycling between the Different Physico-
chemical Conformations by Optical Means
Tamar Harary, Amir Landesberg.
The transmitted light polarization is determined by sarcomere alignment, sar-
comere length (SL) and cross-bridge (XB) distribution between the various
physicochemical conformations. Aims: To quantify the changes in cardiac
muscle optical properties during contraction and to differentiate between the
effects of changes in SL and those of XB cycling. Methods: Thin trabeculae
(n=6) were isolated from rat right ventricles. SL was measured by laser diffrac-
tion technique and controlled by a fast servomotor. The direction of the incident
polarized HeNe laser light was set to 450 relative to the fiber axis. The changes
in the transmitted light polarization were measured during rest, twitch contrac-
tion, sarcomere control isometric contractions (1.97mm), and at different cal-
cium concentrations (0.75, 1.5, 4.5 [mM]). Results: The time to peak change
in the transmitted light intensity preceded (50510msec) the peak force
(120msec), and the transition back to baseline intensity lagged behind force re-
laxation. There was a tight correlation between the rate of changes in the light
intensity and the rate of force development. The degree of polarization de-
creased during force development, reaching a minimal value close to the
peak force. These observations could not be attributed to changes in the SL
since similar phenomena were observed during isometric sarcomere contrac-
tions, and the variations in the degree of polarization were even greater
(13%) during sarcomere isomeric contractions. The role of the XBs was fur-
therer validated by imposing isometric contractions at the same SL but different
force levels with different extra-cellular calcium concentrations. Significance:
optical measurements provide additional information about XB dynamics that
differ from the observed dynamics of force or stiffness measurements, and it
can be used for quantifying cardiac muscle activation and XB cycling.
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Active Stretch does not Affect the Rate of Force Redevelopment in Rabbit
Skinned Fibres
Venus Joumaa, Walter Herzog.
University of Calgary, Calgary, AB, Canada.
The steady state force produced by a muscle following active stretch is greater
than the corresponding purely isometric force. This phenomenon is called
‘‘Residual Force Enhancement’’ (RFE). Most of the proposed mechanisms of
RFE were either related to the development of structural non-uniformities, or
126a Sunday, March 6, 2011with the engagement of a passive structural element upon activation. So far there
have been hardly any experiments investigating the possibility for a change
in cross bridge kinetics after active stretching. The aim of this study was to
investigate if RFE was accompanied with changes in the rate of force redevelop-
ment in rabbit psoas and soleus skinned fibres. The rate of force redevelopment
(Ktr) was evaluated after a quick release-stretch cycle. Furthermore, stiffness
and the time that the cross bridges require to start redevelop tension (Dt) were
measured after a purely isometric contraction and active stretch. Ktr and stiffness
were not changed after active stretch compared to a purely isometric contraction
in both psoas and soleus fibres. Dt after active stretch was smaller than Dt after
a purely isometric contraction in psoas and soleus fibres. Using a two-state cross
bridge model, as described by Brenner (PNAS, 1987), we estimated that the
apparent rate constants of cross bridge attachment and detachment were not
altered in the force enhanced state. Consequently, RFE might be explained, in
part, in terms of changes in cross-bridge based forces. The strain of a passive el-
ement, likely the molecular spring titin, during active stretch and then its recoil
when the fibre is released might be responsible for the observed decrease in Dt
after stretch.
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Force Transients during Shortening of Activated Skeletal Muscle Fibers
Fabio C. Minozzo, Dilson E. Rassier.
During a ramp shortening, the force response of an active muscle shows an early
change in slope (P1 transition) followed by a gradual change in slope (P2 tran-
sition), that happen at given sarcomere length (SL) extension (SL1 and SL2,
respectively). In this study, we investigated the mechanisms of forces produced
during an imposed shortening to activemuscles, by altering either the number of
crossbridges attached to actin or the crossbridge state prior to shortening. Three
sets of experiments were performed with permeabilized psoas muscle fibers: (i)
fibers were activated and shortened by 10% Lo, at 1.0 Los1 in different pCa2þ
(4.5, 5.0, 5.5, 6.0), (ii) fibers were activated and shortened by 10% Lo at 1.0
Los1 in pCa2þ 4.5 containing either 5mM of blebbistatin (þ/-) or its inactive
isomer (þ/þ), or (iii) fibers were activated then shotened by 10% at speeds rang-
ing from 0.125 to 2.0 Los1 in pCa2þ 4.5 or pCa2þ 6.0 and 5mM blebbistatin
(þ/-). All shortenings started at a SL 2.5mm. P1, P2 SL1 and SL2 were not af-
fected by different Ca2þ concentrations; the pooled experiments provided P1
and P2 of 0.79 þ 0.003 and 0.27 þ 0.01 times Po, respectively, and SL1 and
SL2 of 4.62 þ 0.16 and 24.17þ 0.20 nmHS1 respectively. P1 and P2 dimin-
ished, andSL1 andSL2 augmentedwith increasing shortening velocity.Blebbis-
tatin (þ/-) decreased P1 (0.745 0.04 times Po) when compared to control fibers
(0.815 0.02 times Po), but it did not change the P2. Blebbistatin did not change
SL1 and SL2. The results suggest that pre-powerstroke crossbridges contributes
to changes in P1, as they may be pushed into the powerstroke during shortening.
Such crossbridges detach from actin at the same SL extension.
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Altered Cross-Bridge Kinetics and Increased Force Production in Pres-
ence of a Myosin Heavy Chain IIb Mutant
Johan Lindqvist, Gonzalo Blanco, Julien Ochala.
Hereditary myosinopathies have emerged as a new group of diseases and are
characterized by skeletal muscle weakness. These diseases are notably caused
by mutations in genes encoding myosin heavy chain (MyHC) isoforms. A new
mouse model with a L342Q MyHC IIb mutation has been developed to mimic
such myosinopathies. Homozygous mice experience severe skeletal muscle
paralysis and, because of ethical reasons, are killed thirteen days after birth.
Heterozygous animals have a normal lifespan and no apparent weakness.
The underlying mechanisms for such absence of deteriorated phenotype in
heterozygous rodents remain unknown. In the current study, we aimed at inves-
tigating this particular point by evaluating whether and how the presence of
50% of L342Q MyHC IIb mutants affects the contractile function. We com-
pared isolated membrane-permeabilized muscle fibers from heterozygote
(L342Qþ/-) and wild-type young adult mice. Results showed, during full acti-
vation, at pCa 4.5, an increase in force production in L342Qþ/- when compared
with wild-type animals (p<0.05) whilst stiffness was unaffected. Additionally,
we observed a preserved rate of force redevelopment (ktr) together with an in-
crease in maximum unloaded shortening velocity (V0) (p<0.05). All these find-
ings suggest an enhanced strong myosin binding to actin as well as a faster
myosin cross-bridge detachment, in presence of the MyHC IIb mutants. Results
also highlighted, during rigor activation, an unchanged force-generating capac-
ity and decreased stiffness in L342Qþ/- when compared with wild-type rodents
(p<0.05). This indicates that myosin cross-bridges carrying the mutant may
not function properly but, at the same time, may perturb the wild-type myosin
heads leading to an accelerated cross-bridge detachment and increased force
generation.683-Pos Board B483
Deletion of 1- 43 Amino Acids from the N-terminus of Myosin Essential
Light Chain in Transgenic Mice Decreases Force Production by Reducing
the Number of Myosin Cross-Bridges
John J. Michael, Steven J. Ford, Katarzyna Kazmierczak,
Danuta Szczesna-Cordary, Chandra Murali.
The N-terminus of the myosin essential light chain (ELC) has been shown to
regulate myosin motor function by binding to actin and thus influencing the
cross-bridge cycling kinetics. However, the role of the N-terminus of ELC
in the Ca2þ-regulation and the muscle length-dependent aspects of cardiac
contractile function are still to be determined. In this study, we used trans-
genic (Tg) mouse hearts expressing the human ventricular ELC wild-type
(Tg-WT) or a 43 amino acid deletion mutant of the human ventricular ELC
(Tg-D43) (Kazmierczak et al., JMB 387, 706-725, 2009). We simultaneously
measured force and ATPase activity at various levels of Ca2þ -activation un-
der isometric conditions and the length-dependent force responses during con-
stant activation in detergent-skinned papillary muscle fibers from the Tg-D43
and Tg-WT mice. As was shown by Kazmierczak et al., force was signifi-
cantly lower in fibers from Tg-D43 mice, which was comparable to the de-
crease in ATPase activity, resulting in a tension cost that was not
significantly different from Tg-WT fibers. However, our current study on fi-
bers from 5-month old female Tg-D43 mice shows a small but significantly
higher Ca2þ sensitivity when compared to Tg-WT mice. In addition, the rela-
tionship between the maximal tension and stiffness demonstrates that the
average force production per cross-bridge is not altered in Tg-D43 fibers.
Our findings demonstrate that the reduction in the Ca2þ -activated force in
Tg-D43 fibers is most likely due to a decreased number of force-bearing my-
osin cross-bridges. Further studies are focused on gaining a better understand-
ing of the functional significance of the N-terminus of cardiac ELC in
mediating mechanisms of contractile activation.
Supported by NIH-(MC) and NIH-HL071778 (DSC).
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Structural Changes Induced by a Cardiomyopathy Myosin Essential Light
Chain Mutation in Muscle Fibers using Fluorescence Resonance Energy
Transfer (FRET)
Sunayana Chaudhry, Brayden G. Hall, Osha Roopnarine.
The myosin ventricular essential light chain (vELC) mutation, Arg154His,
causes familial hypertrophic cardiomyopathy (FHC). The classical phenotype
of left ventricular hypertrophy is accompanied by mid left ventricular chamber
thickening in patients with this ELC mutation. We engineered a cysteine in
vELC (A187C) and in vRLC (A93C) to measure the distance changes that
may be induced by the R154H-FHC-ELC mutation in isometric muscle fibers
using FRET. The donor probe, IAEDANS, was placed on C187-vELC (D) and
the acceptor probe, IAF, was placed on C93-vRLC (DA). Both labeled LCs
were reconstituted into rabbit skeletal muscle fibers. In rigor wildtype fibers,
the FRET distance between the probes is consistent with that determined
from the crystal structure of the chicken myosin ELC and RLC at the same
sites. Relaxation decreased the rigor distance, while contraction induced
a distance intermediate between rigor and relaxation. These results suggest
that the LC domain undergoes bending or flexible motions during relaxation
and contraction.
We then introduced the R154H-FHC mutation in the C187-vELC for distance
measurements with C93-vRLC in muscle fibers. The presence of the R154H
mutation decreased the distance in the wildtype fibers in rigor, relaxation,
and contraction. The maximum change occurred in rigor, while the smallest
change occurred during contraction. The decrease in the distances indicates
that the FHC mutation induced a conformational change in ELC, thus allowing
it to move closer to the RLC, suggesting a bending movement in the LC do-
main. These results support a hypothesis that the FHC-ELC mutation causes
a structural change in ELC that may lead to dysfunction in the muscle, to cause
the phenotype of the disease. This work is supported by funds from a NIH grant
AR052360 to OR.
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Fiber Myosin Heavy Chain Polymorphism is Associated with a Heightened
Susceptibility to Eccentric Damage
SeungJun Choi, Jeffrey J. Widrick.
The purpose of this study was to model the relationship between fiber myosin
heavy chain (MHC) isoform content and susceptibility to damage by a standard-
ized eccentric contraction (þ25% change in fiber length; 50% of unloaded
shortening velocity, Vo). Damage was quantified as the pre- to post-eccentric
change in Ca2þ-activated force. Chemically skinned fibers from the soleus
and EDL of C57BL/6 mice were studied in order to obtain MHC monomorphic
